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GADD45 is a multifunctional protein that is
regulated by p53. p53 plays an important role in
regulating DNA repair and in the response to
ultraviolet light in keratinocytes. This study investi-
gates the role of GADD45 in the response to
ultraviolet B. Cell cycle analysis demonstrated that
wild-type and Gadd45-de®cient cells have transient
G2/M arrest, but only in the wild-type cells was
arrest sustained. Cdc2 kinase activity in immuno-
precipitates from normal and Gadd45-de®cient cells
decreases after irradiation in normal cells but not
in Gadd45-de®cient cells. An immuno¯uorescent
study with Cdc2 antibody demonstrated diffuse
cellular ¯uorescence before ultraviolet irradiation in
both Gadd45-de®cient and wild-type cells, but upon
ultraviolet irradiation only Gadd45-pro®cient cells
showed Cdc2 sequestration in the cytoplasm.
Gadd45-de®cient cells also have a slower rate of
nucleotide excision repair. The lack of G2/M arrest
coupled with reduced DNA repair leads to a higher
ultraviolet sensitivity of Gadd45-de®cient cells. These
results reveal that GADD45 promotes G2/M arrest
via nuclear export and kinase activity of Cdc2,
increases global genomic DNA repair, and inhibits
cell death in keratinocytes. Thus, GADD45 plays an
important role in maintaining genomic integrity in
ultraviolet-exposed skin. Key words: Cdc2/nucleotide
excision repair/nuclear transport. J Invest Dermatol
119:22±26, 2002
E
xposure to sunlight is an important risk factor for skin
cancer. Over the last decade, the incidence of skin
cancer has increased rapidly (Ko et al, 1994), and there is
increasing concern that the ozone layer is being
depleted and the amounts of solar ultraviolet (UV)
radiation reaching the earth are increasing. UVB radiation (280±
320 nm) is the most important in the etiology of skin cancer
because it forms DNA pyrimidine dimers, which are mutagenic
DNA lesions. Cells have mechanisms for maintaining genomic
stability that involve cell cycle arrest, DNA repair, or apoptosis
(Kaufmann and Kaufman, 1993). There are at least two cell cycle
checkpoints that play a role in the cellular response to DNA
damage. These checkpoints allow the DNA to be repaired before
DNA replication (G1/S checkpoint) or before chromosome
segregation (G2/M checkpoint) (Hartwell and Kastan, 1994).
The DNA damage caused by UV is primarily repaired by the
nucleotide excision repair (NER) pathway, which includes global
genomic repair and transcription-coupled repair subpathways. It
has been suggested that p53 plays a direct role in NER (Lee et al,
1995; Reed et al, 1995). GADD45 was identi®ed as an mRNA
transcript that is rapidly induced in cells exposed to UV (Fornace et
al, 1989). GADD45 and proliferating cell nuclear antigen (PCNA)
may also play important roles in NER (Smith et al, 1994, 2000), but
the nature of these roles is still unclear (Kazantsev and Sancar, 1995;
Kearsey et al, 1995a).
GADD45 is induced in a strictly p53-dependent manner in cells
exposed to ionizing radiation (Kastan et al, 1992); however, it has
not been established if the induction of GADD45 by UV also
requires p53. Evidence indicates that GADD45 can be regulated by
both p53-dependent and p53-independent mechanisms in mam-
malian cells (Smith and Fornace, 1996).
p53 plays a role in the G1 cell cycle checkpoint, and there are
con¯icting views over whether p53 also plays a role in a G2/M
checkpoint after DNA damage (Agarwal et al, 1995; Ko and Prives,
1996; Bunz et al, 1998). Evidence suggests that GADD45 is
involved in a G2/M checkpoint, and that it may regulate Cdc2
kinase activity (Yang et al, 2000). Cdc2 regulates mitosis and binds
to cyclin B to form mitosis-promoting factor (MPF) (King et al,
1994). The activity of MPF is regulated by phosphorylation/
dephosphorylation of Cdc2 and accumulation of cyclin B protein.
Other lines of evidence suggest that DNA damage excludes cyclin
B1 from the nucleus and this promotes G2 arrest (Toyoshima et al,
1998). It is possible that cell cycle checkpoints delay cell cycle
progression in order to allow additional time for repair of DNA
damage; however, there is no direct evidence that the DNA is
repaired while cells are arrested at the checkpoint.
This study provides evidence that GADD45 is involved in DNA
repair and regulates the G2/M checkpoint in normal keratinocytes
exposed to UVB in a physiologically relevant model system. In
addition, the results suggest that GADD45 regulates Cdc2 kinase to
mediate sustained G2/M arrest. Also, this study provides evidence
that GADD45 controls nuclear import of Cdc2 in keratinocytes.
Thus, GADD45 plays an important role in maintaining genomic
integrity in keratinocytes exposed to UV.
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MATERIALS AND METHODS
Cell culture Gadd45a transgenic mice were kindly provided by Dr. A.
Fornace (Hollander et al, 1999). The Gadd45a gene, mouse equivalent of
human GADD45 gene, was targeted to generate Gadd45a-null mice.
Animals were genotyped and heterozygotes were mated to generate
Gadd45a+/+, +/± and ±/± litters; thus littermates were used as controls.
Newborn mice were sacri®ced and tails were genotyped using
polymerase chain reaction (PCR). Skin was sterilized with 7.5%
povidone-iodine (Betadine) and 100% ethanol, rinsed in phosphate-
buffered saline (PBS), removed, and soaked in 0.2% dispase overnight at
4°C. The epidermal layer was separated from the dermis, trypsinized for
5 min, neutralized with fetal bovine serum, and ®ltered, and the cells
were collected by centrifugation. The cell pellet was resuspended with
Keratinocytes-SFM (Life Technologies, Burlington, Ontario) and plated
on collagen-I coated dishes (Biocoat, Becton Dickinson, Franklin Lakes,
NJ) at a concentration of 3±4 3 104 cells per cm2. A plating
concentration lower than this failed to reach 80% con¯uence. The cells
were incubated at 37°C until 80% con¯uence and used within 2 wk
after plating.
UVB irradiation Murine keratinocytes were irradiated with increasing
doses up to 200 J per m2. UVC irradiation was prevented by exposing
cells with the lids of the culture dishes in place (Werninghaus et al,
1991). The intensity of the UV light was measured with an IL1700
radiometer with a WN 320 ®lter and an A123 quartz diffuser
(International Light, Newburyport, MA). Cells were not exposed to
wavelengths shorter than 295 nm when the plastic culture dish lids were
in place.
Flow cytometry To assess progression through the cell cycle and
apoptosis, DNA content was measured by ¯ow cytometry with
propidium iodide staining (Denning et al, 1998). At 8, 24, and 48 h after
irradiation, keratinocytes were trypsinized and combined with ¯oating
cells. Unirradiated control cells were harvested at the same time points.
Cells were neutralized with Dulbecco's modi®ed Eagle's medium
containing 10% fetal bovine serum, centrifuged, and washed twice in
3 ml PBS with 1% glucose (PBS+). The cell pellet was suspended in
1 ml ice-cold 70% ethanol with gentle vortexing. Cells were incubated
overnight on a rocker at 4°C, collected by centrifugation, suspended in
0.5 ml propidium iodide staining solution (50 mg per ml propidium
iodide, 100 U per ml RNase in PBS+), and incubated at room
temperature for 1 h. Staining was quantitated with a FACScan (Becton
Dickinson). The cells were acquired by CELLQuest program and were
analyzed using Modi®t LT2.0. Each experiment was repeated three
times.
Kinase assay Cell lysates were prepared from Gadd45a-transgenic
murine keratinocytes irradiated at 50 J per m2 and unirradiated control
cells at different time points after irradiation. Cells were washed twice
with ice-cold PBS and resuspended in 1 ml lysis buffer (1% Nonidet P-
40, 50 mM Tris±HCl, 150 mM NaCl, 10 mg per ml aprotinin, 10 mg
per ml leupeptin, 20 mM NaF, 1 mM Na3VO4, 10 mg per ml
phenylmethylsulfonyl ¯uoride) for 20 min at 4°C. Cell lysates were
centrifuged at 13,000 rpm for 5 min and the protein concentration of
the supernatant was measured. Cell lysate (400 mg) was incubated with
3 mg Cdc2 antibody (Transduction Laboratories, Lexington, KY) for 5 h
with rocking at 4°C. Samples were incubated with 30 ml 50% protein A
agarose beads (Protein A Sepharose CL-4B, Pharmacia Biotech)
overnight at 4°C. The immunocomplex was isolated, washed three times
with lysis buffer, and resuspended in kinase buffer (50 mM Tris±HCl,
pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol) containing 5 mg histone
H1 (Upstate Biotechnology, Lake Placid, NY). The kinase reaction was
initiated by addition of 10 mCi g-[32P]ATP and reactions were incubated
for 30 min at 30°C. The reaction mixture was separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis, and the gel was dried
and visualized by autoradiography. The extent of phosphorylation of
histone H1 was quanti®ed by excising the histone-H1-containing gel
slice and measuring its radioactivity by liquid scintillation counting.
Immuno¯uorescence Indirect immuno¯uorescence was performed
by growing cells on glass coverslips in 35 mm dishes. Six hours after a
dose of 50 J per m2 UVB, cells were washed twice with PBS and ®xed
with 3.7% formaldehyde in PBS for 20 min at room temperature. The
®xed cells were permeabilized by incubating with 0.2% Triton X-100 in
PBS for 15 min and then blocked with 0.1% casein±PBS for 30 min.
Staining was performed with Cdc2 antibody diluted in PBS for 1 h
followed by secondary antibody for 1 h. Fluorescein-isothiocyanate-
conjugated goat antimouse secondary antibody was obtained from
Oncogene (Boston, MA). After washing with PBS, coverslips were
mounted on standard microscope slides in antifade medium containing
n-propylgallate and glycerol to prevent photobleaching. Images were
captured on a Zeiss microscope with a confocal imaging system.
DNA repair slot-blot assay Cells were harvested 0, 8, 24, and 48 h
after UV irradiation. Genomic DNA was isolated using a DNeasy kit
(Qiagen, Mississauga, Ontario) according to the manufacturer's protocol.
Unirradiated control DNA was also harvested. DNA (100 ng in 0.32 M
NaOH, 5 mM ethylenediamine tetraacetic acid) was denatured by
boiling for 10 min, and neutralized by adjusting to ®nal concentrations
of 1.4 M acetic acid and 0.6 M cold ammonium acetate. DNA was
spotted onto a prewetted nitrocellulose membrane with a slot-blot
apparatus (Bio-Dot SF, Bio-Rad). The ®lter was baked at 80°C for 2 h.
Filters were probed with a monoclonal antibody MC-062 (clone
KTM53, Kamiya Biomedical, Seattle, WA) that recognizes thymine
dimers. Antibody was detected with ECL Plus (Amersham) and
quanti®ed by autoradiography. The membrane was reprobed with mouse
genomic DNA to quantify the amount of sample DNA loaded on the
membrane. Autoradiographs were quanti®ed by densitometry. Intensity
values were adjusted for the amount of DNA per slot, and the rate of
DNA repair was calculated (Eller et al, 1997).
Cytotoxicity assay The keratinocytes were irradiated with UVB at 0,
25, 50, 100, or 200 J per m2. Cells were plated in 35 mm culture dishes
and irradiated with UVB when 80% con¯uent. Forty-eight hours after
irradiation, cells were rinsed once with PBS, ®xed with methanol, and
stained with crystal violet as described previously (Wajant et al, 1998;
Leverkus et al, 2000) with modi®cation. Absorbance at 570 nm was
measured with a spectrophotometer (Ultraspec 2000, Pharmacia
Biotech). Four measurements were made for each culture dish and the
survival rate was calculated. 100% survival was assumed for unirradiated
cells.
RESULTS
UV-irradiated Gadd45a±/± cells lack sustained G2/M
arrest To determine the role of GADD45 in cell cycle control,
keratinocytes were exposed to UVB and analyzed via ¯ow
cytometry. In control samples without UV irradiation, the two
groups demonstrated similar pro®les. Indeed, at 24 h after
irradiation, both Gadd45a+/+ and Gadd45a±/± cells
demonstrated transient G2/M arrest. Only the Gadd45a+/+ cells
demonstrated sustained G2/M arrest at 48 h, however (Fig 1).
Gadd45 regulates Cdc2 kinase activity GADD45 may
regulate the G2/M checkpoint through Cdc2 kinase (Yang et al,
2000). A motif has been identi®ed in GADD45 that may be
involved in binding Cdc2. The central region of GADD45 appears
to be essential for this interaction and for GADD45 to inhibit Cdc2
kinase activity. This region may also play a role in GADD45-
induced dissociation of the Cdc2±cyclin B1 complex and in G2/M
arrest (Jin et al, 2000). The mechanism of the GADD45 G2/M
arrest is not known; however, it may involve GADD45 regulation
of Cdc2 kinase. This idea was tested by measuring Cdc2 kinase
activity in Gadd45a-pro®cient and Gadd45a-de®cient cell extracts
from UV-irradiated cells. Western blots using Cdc2 antibody
indicate that Cdc2 protein is expressed at a similar level in
Gadd45a+/+ and Gadd45a±/± cells (data not shown). In
Gadd45a+/+ cells, Cdc2 kinase activity decreases rapidly within
1 h after irradiation, and the lowest level of activity was 6 h after
irradiation (Fig 2, black bars). In contrast, Cdc2 kinase activity did
not decrease rapidly after irradiation in Gadd45a±/± cells; however,
activity decreased approximately 50% after 24 h (Fig 2, white bars).
This result suggests that GADD45 plays a central role in regulating
Cdc2 kinase activity and is likely to be an important factor for the
G2/M checkpoint in UV-irradiated cells.
GADD45 regulates nuclear movement of Cdc2 To further
examine the mechanism of GADD45-regulated G2/M arrest, we
employed an immuno¯uorescent technique (see Materials and
Methods). Without UV irradiation, cells showed diffuse Cdc2
distribution over the cytoplasm and the nucleus in Gadd45a+/+
cells (Fig 3c), but more dense accumulation was observed in the
nucleus in ±/± cells (Fig 3a). Upon UV irradiation, however,
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Gadd45a+/+ cells demonstrated a clear negative contour of the
nucleus (Fig 3d), suggesting that Cdc2 was sequestered in the
cytoplasm. In contrast to wild-type, Gadd45a±/± cells showed no
change (Fig 3b). This experiment was repeated three times and
similar results were obtained.
Gadd45a±/± keratinocytes are DNA repair-de®cient The
ability of cells to repair UV-induced thymine dimers was compared
in Gadd45a-pro®cient and Gadd45a-de®cient cells. Thymine
dimers were quanti®ed in DNA from irradiated or unirradiated
cells using a DNA slot-blot assay with a monoclonal antibody. This
experiment was repeated at 25, 50, or 100 J per m2 UVB and the
rate of thymine dimer repair was calculated (see Materials and
Methods). Whereas Gadd45a-pro®cient cells show ef®cient repair at
25 J per m2 and 50%±60% repair at 50 or 100 J per m2, in
Gadd45a-de®cient cells the repair was observed only at 25 J per m2
and no signi®cant repair was observed at 50 or 100 J per m2
(Fig 4).
Gadd45a±/± cells are more sensitive to UV than Gadd45a+/
+ cells It is well known that murine keratinocytes should be
plated at high density and studied in primary culture only (Hager et
al, 1999), making them dif®cult to test via the conventional colony
forming assay. Therefore, we employed a modi®ed cytotoxicity
assay (see Materials and Methods) to test UV sensitivity of the
keratinocytes. Gadd45a-transgenic mouse cells are also sensitive to
UV and Gadd45a±/± cells (D37 = 58 J per m
2) are more sensitive
than Gadd45a+/+ cells (D37 = 100 J per m
2) (Fig 5).
UV induces massive cell death in Gadd45a±/± cells The
apoptotic cell population was measured in UV-irradiated
Figure 1. Gadd45a±/± cells demonstrate
massive cell death and G2/M arrest cannot
be sustained. Gadd45a+/+ or Gadd45a±/± cells
were irradiated with 50 J per m2 UVB and
harvested; ¯oating cells were included in the
analysis. Cells were ®xed, stained with propidium
iodide, and analyzed by ¯ow cytometry. The sub-
G0/G1 population was calculated using
CELLQuest software as the percent apoptotic cells
was determined. G0/G1, G2/M population was
assessed with Modi®tLT program. The numbers
in each panel re¯ect sub-G0/G1, G0/G1, and
G2/M populations (left to right), and are
representative of one of our independent
experiments. Experiments were repeated at least
four times with similar results.
Figure 2. GADD45 regulates Cdc2 kinase
activity. Cdc2 kinase assay was performed with
cell lysates from Gadd45a+/+ or ±/±
keratinocytes. Cells were irradiated at 50 J per m2
or unirradiated, and harvested at different time
points. Cell lysate (400 mg) was incubated with
Cdc2 antibody for 5 h at 4°C. After the recovery
of the immunocomplex, the kinase reaction was
initiated with histone H1 by adding 10 mCi of
[32P]ATP at 30°C. Gels were visualized by
autography, and the extent of phosphorylation of
histone 1 was measured by liquid scintillation
counting of the histone-H1-containing gel slice.
Cdc2 kinase activity in UV-irradiated Gadd45a+/
+ cells (black bars). Cdc2 kinase activity in
UV-irradiated Gadd45a±/± cells (white bars). The
experiments were repeated three times and the
result represents the mean 6 SD. Lower panel is
shown as a representative result of the
autoradiography.
Figure 3. GADD45 regulates Cdc2 nuclear transport after UV.
Cdc2 localization after UV exposure was examined with indirect
immuno¯uorescence. Growing Gadd45a+/+ or ±/± cells on a coverslip
were irradiated at 50 J per m2 UVB or unirradiated, and ®xed 6 h after
irradiation. Cdc2 was detected with the antibody and the binding was
visualized by ¯uorescein-isothiocyanate-conjugated secondary antibody.
(a) Cdc2 localization of unirradiated Gadd45a±/± cells. (b) Cdc2
localization of UV-irradiated Gadd45a±/± cells. (c) Cdc2 localization of
unirradiated Gadd45a+/+ cells. (d) Cdc2 localization of UV-irradiated
Gadd45a+/+ cells.
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Gadd45a±/± and Gadd45a+/+ cells as described in Materials and
Methods. More than 50% of cells died after irradiation at 50 J per m2
in Gadd45a±/± at 48 h, whereas only 6.8% of the irradiated cells
died in Gadd45a+/+ cells (Fig 1). In addition, in the Gadd45a±/±
cells, the apoptotic cells were observed at the earlier time point of
24 h. Compared to the 48 h time point, minimal changes in cell
death were noted in both cell types at 72 h (44.4% in Gadd45a±/±
vs 9.8% in Gadd45a+/+ keratinocytes), thus supporting the idea
that longer times after UV exposure do not alter the amount of cell
death (data not shown). This result is consistent with the
observation that Gadd45a±/± cells are more UV-sensitive than
Gadd45a+/+ cells (Fig 5). Cells without UV exposure also
contained a small sub-G0G1 population, re¯ecting the dif®culty
of long-term murine keratinocyte culture (Hager et al, 1999).
DISCUSSION
This study provides evidence that GADD45 plays a role in the G2/
M cell cycle checkpoint in UV-irradiated cells, and that this role
may be mediated by GADD45-dependent downregulation of Cdc2
kinase activity. These conclusions are based on experiments with
primary keratinocytes from normal or Gadd45-de®cient transgenic
mice (Hollander et al, 1999). The conclusion is consistent with the
observation that Gadd45-de®cient transgenic mice show genomic
instability. Our data on GADD45-dependent NER regulation is
consistent with other reports using host cell reactivation and
unscheduled DNA synthesis techniques (Smith et al, 1996) and an
in vitro cell-free system (Smith et al, 1994). In this study, the role of
GADD45 in response to UV was demonstrated using UVB, which
reaches the earth's surface and to which human skin is exposed; in
addition, physiologically relevant doses of UVB were used. Thus,
these results suggest that GADD45 may be involved in the response
to UV-induced DNA damage in human skin.
It was recently demonstrated that mouse embryonic ®broblasts
from p53- and Gadd45-de®cient mice have a pronounced defect in
global genomic repair but not in transcription-coupled repair
(Smith et al, 2000). Gadd45-de®cient mice develop normally but
they show more genomic instability (Hollander et al, 1999), similar
to p53-de®cient mice. GADD45 may act downstream of p53,
although there is some evidence for a p53-independent pathway in
response to UV damage (Ohtani-Fujita et al, 1998). GADD45
interacts with p21WAF/CIP1 (Kearsey et al, 1995b) and PCNA
(Smith et al, 1994; Kearsey et al, 1995b; Vairapandi et al, 1996),
whose expressions are regulated by p53. Unlike p53-de®cient
thymocytes, however, Gadd45-de®cient thymocytes undergo
ionizing radiation-induced apoptosis, suggesting that GADD45
may not be required for DNA-damage-induced p53-dependent
apoptosis in thymocytes (Hollander et al, 1999). It is unclear to us
whether GADD45 functions downstream to p53 in our system.
Experiments are under way to clarify this issue.
As mentioned above, this study suggests that GADD45 is
involved in sustaining the G2/M cell cycle checkpoint and
regulating Cdc2 kinase in UV-irradiated keratinocytes. The
mechanisms that control the G2/M checkpoint are less well
understood than those controlling the G1/S checkpoint. Many of
the known factors that regulate the G2/M checkpoint, however,
appear to target Cdc2, a protein kinase required for entry into
mitosis in mammalian cells (Elledge, 1996). Cdc2 associates with
mitotic cyclins (cyclin B1 and cyclin A), and its activity is regulated
by phosphorylation and dephosphorylation (Elledge, 1996). Jin et al
(2000) demonstrated that Gadd45 binds to Cdc2 and inhibits its
kinase activity. The results shown here suggest that GADD45 acts
upstream of Cdc2 kinase and regulates its activity in normal
keratinocytes. Further, we show that GADD45 is a regulator of
Cdc2 localization post UV. Together with the kinase activity assay,
it is suggested that upon exposure to UV Gadd45 excludes nuclear
import of Cdc2 and inhibits its kinase activity to arrest cells at the
G2/M checkpoint. A putative role for GADD45 in the G2/M
checkpoint is also supported by the fact that physiologic doses of
UVB upregulate GADD45 mRNA and protein, and that UV-
irradiated Gadd45-de®cient cells escape from the G2/M check-
point. Thus, GADD45 appears to be a key regulator of the G2/M
checkpoint in response to physiologic doses of UV, because it
regulates Cdc2, which is the ultimate target of mitotic entry. As
Figure 4. Thymine dimer repair is de®cient
in Gadd45a±/± keratinocytes. DNA repair
activity of Gadd45a+/+ or ±/± cells was assessed
by slot-Western analysis. The cells were irradiated
at 25, 50, or 100 J per m2 UVB, and the DNA
was harvested 0, 8, 24, or 48 h after irradiation.
Thymine dimers were quanti®ed in DNA samples
from irradiated cells using a dimer-speci®c
monoclonal antibody, and the repair rate was
calculated. Values were normalized for difference
in DNA sample loading. DNA repair activity of
Gadd45a+/+ cells (solid circle). DNA repair activity
of Gadd45a±/± cells (open circle).
Figure 5. Gadd45a-de®cient cells are more sensitive to UV than
GADD45a-pro®cient cells. UV sensitivity of Gadd45a+/+ cells or
Gadd45a±/± cells was assessed using crystal violet assay. Cells were
irradiated with UVB when they reached 80% con¯uency and were
stained with crystal violet 48 h after irradiation. Absorbance at 570 nm
was measured with a spectrophotometer and the relative density was
calculated, estimating that in the absence of UV irradiation 100% relative
density is expected. Gadd45a+/+ cells (solid circle), GADD45a±/± cells
(open circle). The experiment was repeated three times with similar results.
The D37 for Gadd45a+/+ and Gadd45a± /± cells was 100 and 58 J per
m2, respectively.
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Cdc2 is required to form MPF with cyclin B1 for its kinase activity
(King et al, 1994) and GADD45 has been shown to physically
interact with Cdc2 but not cyclin B (Zhan et al, 1999), GADD45
may interrupt the interaction between Cdc2 and cyclin B1,
resulting in inhibition of Cdc2 kinase activity. This speculation is
further supported by the recent discovery that nuclear import
machinery recognizes the cdk±cyclin complexes through direct
interactions with the cyclin component (Moore et al, 1999).
Transient G2/M arrest was noted in the Gadd45a-de®cient cells
and we believe that this may be due to an intact p21waf-1 pathway.
p21waf-1 is known to regulate multiple checkpoints and indeed, in
our hands, p21waf-1 induces both G1 and G2/M arrest in
keratinocytes after UV exposure (unpublished data).
In the experiments outlined in our paper, Gadd45-de®cient cells
exhibited an increased rate of cell death in response to UV
irradiation. The high cell death in Gadd45-de®cient cells may be
due to a lower level of NER coupled with a lack of sustained G2/
M arrest. We conclude that our data show a number of effects
directly regulated by Gadd45. Because of the cell death noted in
Gadd45a±/± cells, however, an alternative explanation for the cell
cycle effects and related Cdc2 changes should be considered. It may
be that the changes are simply related to dying cells. We believe
that the latter explanation is unlikely for the following reasons.
First, by using adherent keratinocytes for Cdc2 and NER assays, we
are con®dent that our conclusions support a direct role for Gadd45.
In fact, after careful washing, very few apoptotic keratinocytes
remain adherent on the tissue culture plates. Furthermore, in the
¯ow cytometry experiments we are able to clearly delineate the
apoptotic fraction and focus on the viable cells moving from G1 to
G2. Finally, we have preliminary data using XPA ®broblasts and
mouse embryo ®broblasts, both of which contain wild-type
Gadd45. These cells show higher UV-induced cell death, but
also show G2 arrest (unpublished data).
It has recently been shown that PCNA accumulation in the
nucleus, post UV, is defective in Gadd45a±/± mouse embryo
®broblasts. As PCNA is thought to play a role in NER after UV
irradiation, reduced PCNA levels in Gadd45a-de®cient cells may
explain our ®ndings (Smith et al, 2000). We believe that the
GADD45-dependent G2/M cell cycle checkpoint and NER-
dependent repair of UV-induced DNA lesions are important
mechanisms to protect keratinocytes from UV damage. We
speculate that loss of the GADD45 pathway, however, through
deletion or mutation, for example, may be lethal for sun-exposed
keratinocytes, and may explain the lack of GADD45 alterations
seen in malignancies.
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